Introduction {#sec0005}
============

Refractive errors, as one of the most common vision disorders, are known as the second cause of visual impairment and low vision.[@bib0240], [@bib0245], [@bib0250], [@bib0255] Astigmatism is one of the most common types of refractive errors, and to date, there have been a multitude of reports concerning its prevalence in different age groups and geographic regions.[@bib0260], [@bib0265], [@bib0270] The prevalence of astigmatism varies by age[@bib0265], [@bib0270], [@bib0275] and geographic location.[@bib0270], [@bib0280], [@bib0285] To date, prevalence rates up to 75% have been reported.[@bib0290] The most common type of astigmatism orientation is with-the-rule (the axis of the minus cylinder is placed between 30° and 150°), and the most rare type is oblique astigmatism (axes between 30° and 60°).[@bib0270], [@bib0295] The prevalence of with-the-rule astigmatism (axes between 60° and 120°) usually decreases with age, and against-the-rule increases.[@bib0300]

The status of astigmatism in fellow eyes has been assessed in a number of studies.[@bib0305] Certain epidemiological studies have shown that the amounts of astigmatism in fellow eyes are usually comparable, and significant anisoastigmatism is rare.[@bib0305], [@bib0310] In addition to study astigmatism values in fellow eyes, few studies have assessed the relationship between astigmatism axes.[@bib0310], [@bib0315], [@bib0320], [@bib0325] The first study in this regard was conducted by McKendrick and Brennan on 192 people who were mainly selected from university personnel,[@bib0315] and they suggested that axis symmetry between fellow eyes is not common. Their study was not conducted on a general population and had a very small sample size. Another important study in this regard was conducted in 2008 by Guggenheim et al. on 50,996 residents of Northern England.[@bib0320] Their report indicated the dominance of the mirror symmetry pattern of the astigmatism axis in fellow eyes to the direct symmetry pattern. Their study was not population-based either, and they did not provide the prevalence of different symmetry patterns.

Asharlous et al. evaluated the association of astigmatism axes in fellow eyes in 2016.[@bib0330] This study presented a comprehensive analysis of the association of astigmatism axes in the fellow eyes of individuals visiting ophthalmology clinics. Although the association of the axes was well analyzed, the results may not be generalizable because the sample did not represent the general population. Therefore, the pattern of the association of bilateral astigmatism axes in the general population and the changes of these patterns with age are not clear.[@bib0330]

Since there is no complete description of the relationship between the astigmatism axes in fellow eyes in a population-based study, we aimed to examine this relationship in a cross-sectional population-based epidemiological study. The results of such studies and discovering hidden relationships between astigmatism axes in fellow eyes will naturally have importance in clinical terms as well as understanding the etiology of astigmatism. Information of this type can be helpful for exploring inheritance patterns and the genetic aspects of astigmatism.[@bib0320], [@bib0335] In the present study, we assessed the relationship between the principal meridians in fellow eyes from a different perspective compared to previous studies. We conducted a thorough analysis of the prevalence of rule similarity in bilateral astigmatism (isorule and anisorule), the prevalence of mirror and direct symmetry patterns by taking into account the different levels of symmetry, and the effect of age, gender, and spherical and cylindrical ametropia values.

Method {#sec0010}
======

Population and sampling {#sec0015}
-----------------------

This population-based cross-sectional study was conducted in underprivileged areas of Iran in 2015. The selection of study locations was based on the information provided by the Office of Rural Development of the Islamic Republic of Iran. From the list of underprivileged districts, we selected two districts for this study.

In this study, sampling was done through a multistage cluster approach. First two districts were randomly selected from the north and south of the country, and then, a number of villages were randomly selected from the list of villages in each district. Sampling from each district was proportionate to the total population according to the determined sample size. To maintain a proper balance in the sampling process, 5 villages from Kajour and 15 villages from Shahyoun were included in the study because Shahyoun villages were smaller and less populated.

In each selected household, all family members over one year old were invited to participate in the study. First a written consent was obtained from each participant. The head of the household signed the consent for persons under 18 years of age. All participants had complete examinations by two optometrists. Uncorrected visual acuity was measured in all participants. This was done with the Snellen E chart for people over 5 years and the LEA symbols chart for children under 5 years of age. Then objective refraction was done. For this purpose, first autorefraction was done using the Nidek Ref/Keratometer ARK-510A, and then these findings were verified through retinoscopy with the Heine Beta 200 retinoscope (HEINE Optotechnik, Germany). Then, subjective refraction was tested in all people, and the best-corrected visual acuity was recorded. At the conclusion of vision tests, an ophthalmologist examined the overall health of the eye, and the presence of any eye disease was recorded.

Exclusion criteria in this study included the presence of any corneal disease, including corneal ectasia (keratoconus and pellucid marginal degeneration), corneal dystrophy, any active corneal inflammation or infection, corneal scarring, history of any eye surgery affecting the cornea including cataract, refractive, and pterygium surgery, a history of ocular trauma, presence of any opacity in the ocular media such as corneal opacity and cataract which can cause erroneous refraction results, and the presence of other anterior segment diseases such as pterygium and phlyctenulosis which may involve the cornea.

Definitions {#sec0020}
-----------

In this study, the results of refraction obtained by retinoscopy were used for analysis. A spherical refractive error of ≤0.50 dipoter (D) and ≥−0.50 D was defined as emmetropia, more than +0.50 D as hyperopia and less than −0.50 D as myopia. Myopia was classified as mild, moderate, and high at ranges of −0.51 to −3.00 D, −3.10 to −6.00 D, and less than −6.00 D, respectively. In hyperopic individuals, ranges of 0.51 to 2.00 D, 2.10 to 4.00 D, and more than 4.00 D were considered as mild, moderate, and high hyperopia, respectively.

In this study, refraction for all subjects was recorded in minus cylinder. A minimum cylinder of 0.50 D was considered in each eye. In fact, any individual who had at least 0.50 D cylinder error in both eyes was entered into the analysis as a case of bilateral astigmatism. Based on the amount of astigmatism, we categorized it in three groups of mild (less than 1.00 D), moderate (1.00--2.00 D) and high (2.00 D or more). Since the astigmatism difference between fellow eyes was small, we used the average astigmatism of left and right eyes to categorize astigmatism. We considered astigmatism with axes from 60 to 120° (90 ± 30) as against-the-rule, from 150 to 30° (180 ± 30) as with-the-rule, and the rest as oblique.

Rule similarity {#sec0025}
---------------

We divided cases of bilateral astigmatism to isorule and anisorule based on the situation of the axes of astigmatism in the fellow eyes. In isorule astigmatism, the fellow eyes of an individual have similar orientations. It consists of three categories: both eyes with-the-rule (WW), both eyes against-the-rule (AA), and both eyes oblique (OO). Those with different astigmatism orientation in fellow eyes were regarded as anisorule which also has three categories: one eye with-the-rule and the other against-the-rule (WA), one eye with-the-rule and the other oblique (WO), and one eye against-the-rule and the other oblique (AO).

Symmetry patterns {#sec0030}
-----------------

We assessed the symmetry of astigmatism axes in fellow eyes under two different models: direct symmetry and mirror symmetry or enantiomorphism.[@bib0320], [@bib0330] In direct symmetry, the axes in fellow eyes are numerically equal, and their difference is zero. For example, the axis in the right eye is 90° and the axis of the left eye is also 90°. In mirror symmetry, however, the axes in fellow eyes are not similar, and their difference is not zero, but they are mirror images of each other. In this case, if the axes of fellow eyes are superposed, they do not cover each other, and they form a cross (for example, the left eye axis is 15° and the right eye axis is 165°, or the left eye axis is 110° and the right eye axis is 70°).

First, we examined the exact symmetry of the astigmatism axis in fellow eyes. Exact symmetry refers to a condition where there is a perfect mirror or direct symmetry. For example, a case with axes at 100° and 80° has exact mirror symmetry and a case with axes at 100° and 100° has exact direct symmetry. Therefore, two different formulas can be imagined for symmetry.[@bib0330] For direct symmetry, if \|Axis~R~ − Axis~L~\| is equal to zero, there is exact symmetry between the axes of fellow eyes. For mirror symmetry, we calculated \|Axis~R~ − (180 − Axis~L~)\|, and when the output is zero, there is exact mirror symmetry.

We did not limit this study to exact symmetry. Instead, we defined different degrees of symmetry, and we conducted a thorough assessment of the prevalence of different degrees of symmetry in the studied population.[@bib0335] Suppose the axis is 20° in one eye and 162° in the other. We know that the mirror image of a 20° axis would be 160° in the fellow eye. It is true that in this example fellow eye axes are not exactly symmetrical, but they are very close to mirror symmetry. In fact, if the axis in the latter eye were 160°, we would have exact symmetry. In this example, the difference between 162 and 160 is 2°, so we can say that fellow eye axes are 2° away from exact mirror symmetry; clinically, they can be considered symmetrical. The same applies to direct symmetry, and examples would be cases with axes at 100° and 103°, 40° and 38°, or 180° and 175°.

The two \|Axis~R~ − Axis~L~\| and \|Axis~R~ − (180 − Axis~L~)\| formulas cannot be used alone for a comprehensive and accurate assessment of mirror and direct symmetry. One factor that interferes with the analysis is the clock arithmetic nature of astigmatic axes.[@bib0330] To rectify this, we used the 180 modulus. Then, we analyzed the two models to see whether the axes of fellow eyes were closer to mirror symmetry or direct symmetry. We calculated the deviation of the inter-ocular axis difference (AD) from exact symmetry in these two models.[@bib0330] The first model was the direct symmetry model defined as:$$\text{Axis\ difference}\text{ \,\,}(\text{AD}) = \text{Min}\left\{ \begin{array}{l}
{\text{|Axis}_{\text{R}} - \text{Axis}_{\text{L}}\text{|}} \\
{\text{|Axis}_{\text{R}} - \text{Axis}_{\text{L}} + 180\text{|}} \\
{\text{|Axis}_{\text{R}} - \text{Axis}_{\text{L}} - 180\text{|}} \\
\end{array} \right)$$

And for the mirror symmetry model, we used:$$\text{Axis\ difference}\text{ \,\,}(\text{AD}) = \text{Min}\left\{ \begin{array}{l}
{\text{|Axis}_{\text{R}} - (180 - \text{Axis}_{\text{L}})\text{|}} \\
{\text{|Axis}_{\text{R}} - (\text{Axis}_{\text{L}} + 180) + 180\text{|}} \\
{\text{|Axis}_{\text{R}} - (\text{Axis}_{\text{L}} - 180) - 180\text{|}} \\
\end{array} \right)$$

In each of these models, three calculations are done for each pair of eyes, and the smallest value is considered as the absolute deviation from mirror or direct symmetry. First, we examine direct symmetry with an example. For a given axis of 180° in the right eye and 4° in the left eye, the deviation from exact direct symmetry is only 4°, but if we use \|Axis~R~ − Axis~L~\|, the difference would be 176°. This error arises from the clock arithmetic nature in astigmatic axes. The same problem may exist for other situations. The problem can be resolved by applying the 180 modulus to the model, i.e. once adding 180 to the output of the formula and once subtracting it from 180. Eventually, the smallest absolute value generated from these three formulas is considered as the deviation from exact symmetry. In the example with axes at 180° and 4° in fellow eyes, results with direct symmetry formulas are 176°, 356°, and 4°, respectively, and 4° was considered as the deviation from exact direct symmetry for the fellow eyes. The same process was followed with the mirror symmetry model to calculate the axis difference between fellow eyes, and we considered the deviation from exact symmetry as the inter-ocular difference.

Based on these analyses, the symmetry of the axes in fellow eyes would be closer to the model producing a smaller value. Higher values would indicate further deviation from exact symmetry. With this method, we can find whether the axes in fellow eyes tend more toward mirror symmetry or direct symmetry. Since the data in this study and similar studies do not follow normal distribution and there is too much skewness, we used the median of the data as the central tendency index. We compared the median of inter-ocular differences to determine whether the axes of fellow eyes tended more toward mirror symmetry or direct symmetry. Naturally, it can be assumed that the dominant pattern tends toward the model that generates a lower median. For example, if the median difference with the direct and mirror symmetry models is 5° and 15°, respectively, it means there is a tendency toward direct symmetry more than mirror symmetry.

We determined the absolute frequency percentages in both models. The inter-ocular difference in axis was classified into five categories: zero degrees difference (exact symmetry), 0° to 5°, 6° to 10°, 11° to 15°, and more than 15° difference.[@bib0330] We calculated the absolute and cumulative frequencies in the studied sample in each of these five categories. For example, for the mirror symmetry model, we determined the percentage of individuals who had exact symmetry, as well as the percentage of people who had less than 5° deviation from exact mirror symmetry (e.g. axes at 10° and 172°), etc.

Statistical analyses {#sec0035}
--------------------

In the first part of the analysis, we studied the overall prevalence of bilateral astigmatism as well as isorule and anisorule types in the total sample and different sub-groups, and we examined the trend of prevalence changes based on demographics and different refractive statuses. The analysis of symmetry patterns consisted of two main processes. First, we compared the median of the inter-ocular difference in astigmatism axis in both the direct and mirror models in all sub-groups of the study, including gender, age groups, and different levels of spherical ammetropia, etc. using the Wilcoxon test. Then we used simple and multiple regression analyses to explore changes in both symmetry patterns in relation to independent variables such as gender, age, etc.

Results {#sec0040}
=======

Selected samples were 3851 people, and 3314 (response rate: 86.5%) participated in the study. After applying the exclusion criteria, data from 3246 was used in the analyses. Mean age of the participants was 37.3 ± 21.2 years (2--93 years), and 56.5% (1834) of them were female.

Analysis showed that 18.42% of the participants of this study had at least 0.50 D of astigmatism in both eyes. [Table 1](#tbl0005){ref-type="table"} presents the prevalence of bilateral astigmatism of more than 0.50 D by gender, location of residence, and spherical refractive error. The prevalence of isorule and anisorule astigmatism was 14.89% (80% of all cases with bilateral astigmatism) and 3.53%, respectively.Table 1The prevalence of bilateral, isorule, and anisorule astigmatism by gender, refractive errors and magnitude of astigmatism.Table 1Bilateral astigmatismIsorule astigmatismAnisorule astigmatism% (95%CI)% (95%CI)% (95%CI)*Total*18.39 (16.83--19.96)14.84 (13.41--16.28)3.55 (2.81--4.30)*Gender* Female18.72 (16.60--20.83)15.36 (13.4--17.31)3.36 (2.38--4.34) Male18.05 (15.68--20.42)14.30 (12.14--16.46)3.75 (2.58--4.92)  *Refractive errors* Emmetropia7.49 (6.05--8.93)6.24 (4.92--7.57)1.25 (0.64--1.86) Myopia39.82 (35.70--43.93)30.83 (26.95--34.71)8.99 (6.59--11.39) Hyperopia24.60 (20.80--28.39)20.77 (17.19--24.34)3.83 (2.14--5.52)  *Magnitude of astigmatism* \<1 D4.26 (3.35--5.16)3.37 (2.57--4.18)0.88 (0.46--1.30) 1--2 D76.63 (72.11--81.14)59.17 (53.93--64.42)17.46 (13.41--21.51) \>2 D94.00 (89.34--98.66)86.00 (79.19--92.81)8.00 (2.68--13.32)[^1][^2]

There were no significant inter-gender differences in the prevalence rates of isorule astigmatism (*p* = 0.479) and anisorule astigmatism (*p* = 0.617). [Fig. 1](#fig0005){ref-type="fig"} presents the prevalence of different types of bilateral astigmatism according to age.Figure 1The prevalence and 95% confidence interval (error bars) of bilateral, isorule, and anisorule astigmatism by age.

As displayed in [Fig. 1](#fig0005){ref-type="fig"}, isorule astigmatism in the under-five-year age group was 18.48%. The prevalence decreased in the 6 to 20-year age group and then took an upward trend such that the highest prevalence of isorule astigmatism was observed in the over-70-year age group. In people over 5 years of age, the prevalence of isorule astigmatism significantly increased with age (*p* \< 0.001).

However, the prevalence of anisorule astigmatism increased linearly from the under-five to the over-70 age groups and there was no case of anisorule astigmatism in the under-5-year age group, while the rate was 13.19% for the over-70-year age group (*p* \< 0.001).

The prevalence of WA, WO, and AO in this study was 0.63%, 0.55%, and 0.76%, respectively. Our findings also showed that the prevalence of isorule with-the-rule astigmatism, isorule against-the-rule astigmatism, and isorule oblique astigmatism was 6.26%, 8.16%, and 0.42%, respectively. Overall, cases of isorule astigmatism, 42.2% were with-the-rule, 55% were against-the-rule, and 2.8% were oblique. [Fig. 2](#fig0010){ref-type="fig"} shows the prevalence of different types of isorule astigmatism according to age. Accordingly, the prevalence of WTR isorule astigmatism decreased and the prevalence of ATR isorule astigmatism increased by age.Figure 2The prevalence and 95% confidence interval (error bars) of isorule with-the-rule (WTW) astigmatism, isorule against-the-rule (ATR) astigmatism, and isorule oblique astigmatism by age.

As demonstrated in [Table 1](#tbl0005){ref-type="table"}, the highest prevalence of isorule astigmatism was observed in cases of astigmatism greater than 2.00 D, and the prevalence of isorule astigmatism significantly increased at higher degrees of astigmatism ([Table 2](#tbl0010){ref-type="table"}), while the highest prevalence of anisorule astigmatism was observed in cases with 1.00 to 2.00 D of astigmatism.Table 2The association between isorule and anisorule astigmatism according studies variables.Table 2Isorule astigmatismAnisorule astigmatismOR (95%CI)*p*-ValueOR (95%CI)*p*-Value*Severity of spherical refractive errors* −0.49 to 0.49 D11 \<−6 D4.64 (2.27--9.48)\<0.00112.8 (5.08--32.27)\<0.001 −3.1 to −6 D7.95 (4.46--14.16)\<0.0018.53 (3.45--21.08)\<0.001 −0.5 to −3 D5.04 (3.64--6.99)\<0.0014.35 (2.32--8.15)\<0.001 0.5 to 1.99 D1.45 (1.05--2.02)0.0260.99 (0.48--2.03)0.968 2 to 4 D3.77 (1.96--7.26)\<0.0011.98 (0.44--8.88)0.373 \>4 D8.43 (3.27--21.7)\<0.00110.2 (2.68--38.79)0.001  *Sex* Male/female0.92 (0.73--1.16)0.4791.12 (0.72--1.74)0.617  *Age* Years1.03 (1.02--1.03)\<0.0011.04 (1.03--1.05)\<0.001  *Spherical refractive errors* Emmetropia11 Myopia6.7 (5.01--8.95)\<0.0017.82 (4.4--13.88)\<0.001 Hyperopia3.94 (2.88--5.39)\<0.0013.15 (1.61--6.18)\<0.001  *Severity of astigmatism* \<111 1 to 241.52 (29.87--57.7)\<0.00123.76 (13.65--41.36)\<0.001 \>2175.97 (94.94--326.16)\<0.0019.77 (4.11--23.24)\<0.001[^3][^4][^5]

The trend of changes in the prevalence of isorule and anisorule astigmatism in relation to the degree of spherical ametropia is shown in [Fig. 3](#fig0015){ref-type="fig"}. As illustrated, the prevalence of both isorule and anisorule types of astigmatism increased at higher degrees of spherical refractive error, albeit, the upward trend was steeper for isorule astigmatism. Results of logistic regression tests regarding the relation between the degree of spherical refractive error and the prevalence of isorule and anisorule astigmatism are presented in [Table 2](#tbl0010){ref-type="table"}.Figure 3The prevalence and 95% confidence interval (error bars) of isorule and anisorule astigmatism by severity of spherical refractive status.

Results of the analyses on direct and mirror symmetry models are shown in [Table 3](#tbl0015){ref-type="table"}. The absolute median inter-ocular differences in astigmatism axis were calculated for both models. Calculations showed an overall difference of 10 for the mirror symmetry model and 20 for the direct symmetry model. The median for the mirror symmetry model was significantly less than that of the direct symmetry model. The difference observed between the medians in these two models was statistically significant in all studied subgroups. The results of the Wilcoxon test in all subgroups are summarized in [Table 3](#tbl0015){ref-type="table"}.Table 3Descriptive statistics of absolute difference in the axis of astigmatism between fellow eyes under the mirror and direct symmetry models.Table 3Mean ± SD (percentile 25%; 50%; 75%)Mean ± SD (percentile 25%; 50%; 75%)*p*-Value[a](#tblfn0005){ref-type="table-fn"}*Total*27.44 ± 24.27 (10;20;40)16.35 ± 19.07 (5;10;20)\<0.001*Sex* Female27.05 ± 23.01 (8;25;43)16.36 ± 18.61 (5;10;20)\<0.001 Male28.01 ± 26.16 (10;20;40)16.41 ± 19.67 (3;10;20)\<0.001  *Age* ≤55 ± 9.44 (0;0;5)2.65 ± 4.68 (0;0;5)\<0.001 15--2019.31 ± 19.3 (0;15;35)8.17 ± 12.34 (0;5;10)\<0.001 21--3025.02 ± 22.18 (9;21;35)12.74 ± 15.63 (3;7;15)\<0.001 31--4028.02 ± 24.36 (10;22.5;40)14.31 ± 16.27 (5;10;20)\<0.001 41--5032.1 ± 25.15 (15;27;55)14.22 ± 13.49 (5;10;20)\<0.001 51--6025.9 ± 24.01 (7.5;20;40)17.15 ± 20.28 (5;10;20)\<0.001 61--7034.22 ± 27.68 (10;30;50)22.22 ± 22.50 (10;10;30)\<0.001 \>7030.31 ± 23.84 (10;27;45)22.99 ± 22.45 (5;15;35)\<0.001  *Severity of refractive errors*−0.49 to 0.49 D24.65 ± 26.36 (0;18;41)12.93 ± 17.52 (0;10;15)\<0.001\<−6 D36 ± 27.92 (10;37.5;60.5)24.8 ± 21.31 (9.5;15;45)\<0.001−3.1 to −6 D29.53 ± 20.74 (10;31;44.5)21.03 ± 20.44 (5;10;30)\<0.001−0.5 to −3 D30.59 ± 24.94 (10;27.5;45)16.57 ± 18.49 (5;10;20)\<0.0010.5 to 1.99 D23.83 ± 21.79 (10;19;35)15.57 ± 19.23 (5;10;20)\<0.0012 to 4 D18 ± 24.05 (5;10;17.5)15.25 ± 17.59 (5;10;15)\<0.001\>4 D30.09 ± 21.94 (10;30;52)19.73 ± 25.80 (4;10;26)\<0.001  *Refractive errors* Emmetropia23.74 ± 25.60 (0;16.5;40)11.84 ± 17.02 (0;5;15)\<0.001 Myopia30.79 ± 24.40 (10;30;45)17.91 ± 19.23 (5;10;25)\<0.001 Hyperopia24.38 ± 22.20 (10;15;35)17.11 ± 19.85 (5;10;20)\<0.001  *Magnitude of astigmatism* \<129 ± 27.57 (5;20;49)15.8 ± 20.48 (0;10;20)\<0.001 1--228.42 ± 24.22 (10;25;42)18.12 ± 19.43 (5;10;25)\<0.001 \>223.37 ± 20.86 (9;19.5;35)11.95 ± 15.93 (1;6;15)\<0.001  *Types of isorule* no61.63 ± 17.41 (49.5;60;72.5)44.7 ± 20.88 (30;40;58.5)\<0.001 WTR16.55 ± 15.76 (0;10;30)7.07 ± 8.60 (0;5;10)\<0.001 ATR18.88 ± 14.44 (5;15;30)10.96 ± 9.54 (5;10;15)\<0.001 Oblique66.6 ± 30.69 (75;80;80)19.4 ± 27.97 (0;7.5;20)\<0.001  *Types of anisorule* no23.67 ± 22.15 (5;20;35)12.98 ± 15.95 (2;10;15)\<0.001 WA74.53 ± 11.96 (60;80;85)61.2 ± 19.75 (40;60;80)\<0.001 WO47.92 ± 14.33 (40;46;60)34.23 ± 13.91 (25;35;45)\<0.001 AO54.72 ± 13.62 (45;60;65)38.72 ± 14.17 (27;37.5;45)\<0.001  *Rule similarity* Non Isorule19.25 ± 17.64 (5;15;30)9.56 ± 10.40 (1;9;15)\<0.001 Anisorule61.63 ± 17.41 (49.5;60;72.5)44.7 ± 20.88 (30;40;58.5)\<0.001[^6][^7]

Based on our findings, there was no significant inter-gender difference in the mirror symmetry model (*p* = 0.644) or the direct symmetry model (*p* = 0.288). We also examined the median with both models in different age groups. Results of this analysis showed that the under five-year-old age group has the lowest inter-ocular difference with both models. The median of this difference increased from this age up to before presbyopia, such that after the age of presbyopia, the inter-ocular difference in astigmatism axis was higher than before the age of presbyopia with both models.

We also examined the median inter-ocular difference at different levels of spherical refraction error. No significant differences were observed between the different groups of spherical ametropia with the mirror symmetry models (*p* = 0.375). But with the direct symmetry model, the median inter-ocular difference in astigmatism axis significantly varied by the degree of refractive error (*p* \< 0.001) such that the highest median was observed in cases with a spherical error worse than −6.00 D and the lowest median in cases with spherical worse than +4.00 D.

We examined the symmetry situation in the two isorule and anisorule groups as well. The median inter-ocular difference in astigmatism axis was much lower in the isorule group than the anisorule group with both direct and mirror symmetry models (*p* \< 0.001). Analysis in isorule sub-groups showed that cases of WW had the lowest inter-ocular difference. The medians were not significantly different among the three isorule groups of WW, AA, and OO with the mirror model; however, while the medians with the direct symmetry model were comparatively low in the two WW and AA sub-groups, it was much higher in the OO sub-group. A similar analysis was performed for anisorule subgroups. With both symmetry models, the lowest and highest median inter-ocular differences were observed in the WO and WA sub-groups.

Finally, the relationship of mirror and direct models with select variables were examined in simple and multiple regression models. Results of these models are summarized in [Table 4](#tbl0020){ref-type="table"}. As demonstrated, both the mirror and direct models showed statistically significant relations with age and anisorule astigmatism.Table 4Univariate linear regression and multiple linear regression analysis of the associations between symmetry in mirror and direct patterns and some factors.Table 4Univariate linear regressionMultiple linear regressionOR (95%CI)*p*-ValueOR (95%CI)*p*-Value**Mirror** *Age*  Years0.21 (0.13--0.28)\<0.0010.2 (0.13--0.27)\<0.001 *Gender*  Male/female−0.16 (−3.43 to 3.11)0.923 *Refractive errors*  Emmetropia0  Myopia2.76 (−1.58 to 7.11)0.212  Hyperopia0.07 (−4.97 to 5.1)0.979 *Cylinder power*  Diopter1.12 (−0.51 to 2.74)0.179 *Anisoroul astigmatism*  Yes/no10.35 (7.83--12.87)\<0.00110.67 (8.19--13.14)\<0.001  **Direct** *Age* Years0.18 (0.08--0.28)\<0.0010.15 (0.06--0.24)0.001 *Gender*  Male/female0.94 (−3.44 to 5.32)0.673 *Refractive errors*  Emmetropia3.69 (−2.67 to 10.05)0.254  Myopia−4.05 (−10.69 to 2.6)0.232  Hyperopia1.05 (−1.15 to 3.25)0.350 *Cylinder power*  Diopter12.81 (10.16--15.45)\<0.00113.39 (10.91--15.86)\<0.001[^8][^9]

In addition to comparing the overall dominance of the two direct and mirror symmetry models, we assessed the prevalence of different degrees of fellow eye axis symmetry in the studied sample. Results of this analysis are summarized in [Table 5](#tbl0025){ref-type="table"}. Direct and mirror symmetry was observed in 15.4% and 19.8%, respectively. Under the direct and mirror models, 43.4% and 68.3% of the cases were within 15° deviation from exact symmetry.Table 5Absolute and cumulative frequencies of different levels of symmetry under the direct and mirror models.Table 5Levels of symmetry (degree)DirectMirrorPercentCumulative percentPercentCumulative percent015.415.419.819.81--58.323.719.339.16--1012.436.120.259.311--157.443.49.068.3\>1556.6100.031.7100.0

Discussion {#sec0045}
==========

This is the first comprehensive population-based study on the relationship and symmetry of astigmatism axis in fellow eyes. In this study, we tried to perform a full analysis of the symmetry of axes in fellow eyes in the overall population. To date, only a handful of studies were conducted on this topic, and this study is quite unique for several reasons such as being population based, examining rule similarity as a novel approach, applying proper calculation methods and statistical analyses to examine symmetry models, as well as determining the prevalence of various symmetry degrees in the population.

According to the findings of this study, the majority of cases of bilateral astigmatism are isorule astigmatism, and anisorule astigmatism is rare in the general population. Therefore, when we encounter patients with anisorule astigmatism with a large inter-ocular difference (for example, axes of 85° and 150° in the right and left eyes), we should consider the possibility of a number of acquired corneal disorders that can affect astigmatism. For example, the presence of unilateral corneal scarring,[@bib0340], [@bib0345] pterygium[@bib0350], [@bib0355] and even keratoconus[@bib0360], [@bib0365] may interfere with the isorule pattern in astigmatism. Therefore, based on the results of this study and clinical experience, we can say that cases of anisorule astigmatism need to be examined to ensure corneal health and rule out possible disease conditions.

As can be deduced from the results, gender is not a determinant of the prevalence of rule similarity, and the distribution of rule similarity is comparable in both genders in the population. Based on the findings in the studied age groups, rule similarity increases in the population with age, such that it is more than 30% after the age of 70 years. One reason for the high prevalence of isorule astigmatism after presbyopia onset can be the high prevalence of astigmatism at this age. The results of this study showed a higher prevalence of astigmatism in older age, especially after 40. In agreement with our study, most previous studies have shown steady prevalence trends for astigmatism during adolescence and adulthood, but the prevalence increases after the age of onset of presbyopia.[@bib0370], [@bib0375], [@bib0380], [@bib0385], [@bib0390] Therefore, the high prevalence of isorule in the elderly population can be attributed to the high prevalence of astigmatism, because the pattern of increase in isorule in the studied population was similar to the pattern of increase in the overall prevalence of astigmatism. The age-related changes in different types of isorule astigmatism, including WW, AA, and OO, were similar to the findings of previous studies, such that with-the-rule astigmatism had a decreasing trend, against-the-rule astigmatism had an increasing trend, and oblique astigmatism had a relatively steady trend.[@bib0305], [@bib0370], [@bib0395], [@bib0400] Since this is not a new finding and is addressed in most previous studies, we found no need to discuss it further.

The prevalence of isorule astigmatism increased at higher levels of spherical refractive error. As can be seen in the results, the lowest rate of anisorule astigmatism is in emmetropic and low hyperopic individuals. At higher levels of ametropia, whether hyperopia or myopia, isorule astigmatism increases in prevalence. The same trend applies to the anisorule type, albeit with a much less steep slope. As can be observed in the results, the overall prevalence of astigmatism in myopia and hyperopia is higher than in emmetropia. In fact, the prevalence of astigmatism increases as the degree of spherical ametropia increases. Given that there is an increasing trend for both isorule and anisorule types, the most important reason for this increase is the high prevalence of astigmatism is high ametropia. The findings of previous studies regarding the relationship between astigmatism prevalence and spherical ametropia is in agreement with the results of this study, and most studies confirm the increasing prevalence of astigmatism with age.[@bib0405], [@bib0410], [@bib0415] According to results, the median absolute inter-ocular difference between the astigmatism axis in fellow eyes was smaller with the mirror symmetry model than with the direct symmetry model. In other words, there was less deviation from exact symmetry in mirror symmetry than direct symmetry, which indicates that the axes in fellow eyes in the population tend toward mirror symmetry more than direct symmetry. This is consistent with the findings discussed by Guggenheim et al. who investigated the relationship between fellow eye axes.[@bib0320] McKendrick and Brennan were the first to study axis symmetry in fellow eyes in 1997.[@bib0315] Their results suggested that fellow-eye symmetry is not a common finding. The findings of their study are not reliable for two reasons. First, the sample size was very small and limited to 192 people, and they were not selected from the general population. Secondly, the symmetry analysis was not an accurate method; the clock arithmetic nature of the axes in fellow eyes was overlooked and the 180 modulus was not used in symmetry calculation models. For these reasons, the results of the present study are far more reliable than their results.

Analysis of symmetry data in different age groups showed that the principal meridians in fellow eyes were most symmetric in under-5-year olds. In fact, in these ages, fellow eye astigmatism axes have the most symmetry. Symmetry reduces with age, but the reduction is not uniform. Of note, is that direct symmetry changes with age more than mirror symmetry. Overall, this study shows better symmetry before the age of presbyopia onset compared to after 40--50 years, particularly with direct symmetry. Based on these findings, we could say that astigmatism has an innate tendency to have similar axes in fellow eyes, because there is better symmetry in children. Previous studies have also pointed to the symmetrical nature of astigmatism in fellow eyes.[@bib0335] But with aging, a variety of environmental factors[@bib0305] such as the position and pressure of the eyelids,[@bib0420], [@bib0425], [@bib0430] pressure from extraocular muscles,[@bib0435], [@bib0440] nutrition,[@bib0445] etc. cause changes in astigmatism and the deviation of its axes from exact symmetry toward asymmetry. One possible reason to explain the greater asymmetry after the age of presbyopia can be cylindrical changes caused by different types of cataracts, even at mild degrees.[@bib0445] According to Pesudovs and Elliott, cataract, especially the cortical type, can create significant changes up to 0.75 D in astigmatism.[@bib0450]

Analysis in the three subgroups of isorule astigmatism showed best symmetry in WW eyes in both mirror and direct symmetry. In other words, we can say that people who have bilateral with-the-rule astigmatism have the most mirror and direct symmetry. It should be noted that the status of mirror symmetry in all three types of isorule symmetry was almost identical. In cases with direct symmetry, AA and WW subgroups showed good symmetry, while there was much less symmetry in OO isorule astigmatism. In other words, people who have bilateral oblique astigmatism tend toward mirror symmetry, and direct symmetry is observed much less frequently. Similar results were found in Guggenheim\'s study[@bib0320] and there is no significant difference between the two studies in this regard. From this, we could conclude that bilateral oblique astigmatism with direct symmetry is the rarest isorule astigmatism in the population (e.g. axis of 40 in both eyes).

One of the valuable aspects examined in this study was the prevalence of different degrees of symmetry in the population. As can be seen in the results, less than one-fifth of fellow eyes with bilateral astigmatism have exact symmetry, among these, the prevalence of exact mirror symmetry is higher than the direct type. Since limiting data to exact symmetry only would cause much loss of data, we also studied various degrees of symmetry among all cases of bilateral astigmatism. For example, although axes at 10° and 172° in the left and right eyes do not have exact mirror symmetry (10° and 170°), they can be considered to have relative symmetry. Assessments in this study indicated that about half of cases of bilateral astigmatism are within 15° of exact direct symmetry, and about 70% of them are within 15° of exact mirror symmetry. These findings show that the principal meridians in fellow eyes tend to be symmetric. These findings can be used in studies of astigmatism heredity and genetics. Previous studies have also pointed out that astigmatism is a symmetrical hereditary bilateral disorder.[@bib0305], [@bib0335], [@bib0455]

Symmetry and being isorule is important in the clinical management and prescribing glasses to cases of astigmatism as well. Given their meridional magnification effect, cylindrical glasses can cause spatial distortions and consequently asthenopia and headaches for patients.[@bib0460] Such spatial distortions become more disturbing when the axes in fellow eyes deviate from the 180 and 90 symmetric position and in fact become anisorule and asymmetric.[@bib0465] These problems worsen under binocular vision, and involve the binocular spatial perception.[@bib0465] To reduce or prevent such potential problems, previous studies have suggested that the axes on the prescription be as close to 180 and 90 symmetry as possible, albeit without compromising visual acuity.[@bib0385], [@bib0470] The findings of this study indicate that most cases of astigmatism tend toward symmetry, and fortunately, most bilateral cases are isorule with-the-rule and against-the-rule, and spatial problems and binocular stereoscopic perceptions may be a problem only for a small percentage of patients.

Conclusion {#sec0050}
==========

Similar to the results of a previous clinical-based study, we found that the majority of cases of bilateral astigmatism in the population are isorule. Gender is not a determinant in the prevalence of isorule astigmatism, while age is associated with significant changes in its prevalence. Overall, the prevalence of isorule and anisorule astigmatism increases with age in the population, with the slope being much steeper in isorule astigmatism. The prevalence of isorule astigmatism increases with spherical ametropia. Axis symmetry is a common feature in bilateral astigmatism in the population, and the prevalence of mirror symmetry is higher than direct symmetry. Axis symmetry usually reduces at older ages, and the least symmetry is seen after the age of 50 years. Most cases of isorule astigmatism are with-the-rule (WW) and the majority of symmetric axes are also in this group, while the isorule oblique type is uncommon in the population and the cases show less symmetry. The rarest form of isorule astigmatism is oblique astigmatism with direct symmetry.
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[^1]: CI: confidence interval.

[^2]: D: diopter.

[^3]: D: diopter.

[^4]: CI: confidence interval.

[^5]: OR: odds ratio.

[^6]: SD: standard deviation; D: diopter; WTR: with-the-rule; ATR: against-the-rule; W: WTR; A: ATR; O: oblique.

[^7]: Wilcoxon signed ranks test.

[^8]: CI: confidence interval.

[^9]: OR: odds ratio.
